is a new type of ac induction machine and can be used for both grid-connected and stand-alone power generation. The conventional control methods for the BDFIG almost all rely on the encoder, which brings many limitations in terms of cost, complexity, reliability, and so on. This paper presents a new rotor speed observer (RSO) for the encoderless operation of the stand-alone BDFIG, which is based on a rotor position phaselocked loop (PLL) and a second-order generalized integrator (SOGI) and independent of any other machine parameters except for the pole pairs. Comprehensive experiments are also presented to validate the effectiveness of the proposed RSO.
INTRODUCTION
The brushless doubly-fed induction generator (BDFIG) is a new type of ac induction machine of which stator contains two sets of separate windings with different pole pairs (so called power winding, PW, and control winding, CW, respectively). As a result, its two stator windings are not coupled directly, but indirectly via a specially designed rotor. The configuration of BDFIG is illustrated in Fig. 1 . Compared with the Double-Fed Induction Generator (DFIG), the BDFIG, without electric brushes and slip rings, has the merits of longer work life, higher reliability and lower maintenance cost [1] . Thus, BDFIG can be used for both grid-connected and stand-alone power generation, with broad application prospects in the field of wind power and ship shaft power generation.
The steady-state performance of the stand-alone BDFIG system has been investigated in [2] . A stand-alone ship shaft power generator system based on the BDFIG with a wound rotor has been proposed and applied to the power station of a container vessel [3] - [5] . In this system, the voltage amplitude and frequency of PW are kept constant under variable rotor speeds and loads by utilizing a current vector controller to regulate the CW current. The CW current vector angle, which is the key element of the current vector controller, is derived from the PW voltage reference frequency and the rotor speed. As described in [3] - [5] , the rotor speed can be derived from the position of the rotor measured by a shaft encoder. The statorflux-oriented vector control for the grid-connected BDFIG wind generators has been studied by S. Shao et al. [6] , [7] , in which the rotor speed is a key element and measured by an encoder. Besides, many other BDFIG research works, almost exclusively rely on the rotor position or speed sensor for closed-loop control, such as phase-angle control [8] , indirect stator-quantities control [9] , and direct torque control [10] .
Nevertheless, the encoderless operation is desirable as shaft encoders bring many drawbacks, such as higher costs and more system complexity, less reliability and limited installation flexibility, and so on. Therefore, in order to reduce the cost and complexity of the BDFIG system, and enhance the reliability and application, it is necessary to dynamically observe the rotor speed or position without using shaft encoders.
Some papers have discussed the rotor speed observers (RSOs) for the brushless doubly-fed reluctance generator (BDFRG), which is similar to the BDFIG [11] , [12] . It is noted that the RSOs in [11] and [12] both need specific parameters of the PW inductance and resistance to estimate the flux. However, in the stand-alone BDFIG system in ships, unbalanced and nonlinear loads are frequently connected to the system, leading to distortion of PW voltage and current. Therefore, the PW flux is difficult to accurately estimate, and consequently the observed rotor speed is not accurate. Moreover, he dependence on the machine parameters will also reduce the robustness of the observer.
In order to overcome the above-mentioned problems, a new RSO is proposed in this paper for encoderless operation of the stand-alone BDFIG, which is based on a rotor position phaselocked loop (PLL) and a second-order generalized integrator (SOGI). Such observer is independent to any machine parameters of inductance and resistance although it requires the knowledge of the pole pairs. This paper is organized as follows: firstly, the fundamentals of BDFIG are described in Section II; and then the principle of the proposed RSO is analyzed in details in Section III; experimental results are given in Section IV; and finally, the conclusions are made in Section V.
II. BDFIG FUNDAMENTALS
The BDFM can be operated in several modes, including synchronous, cascade, and induction mode [1] . The synchronous mode, also called the doubly-fed mode, is the optimal one. Under this mode, the rotor speed can be expressed as follows,
where p is the pole pairs, and ω is the angular frequency. The subscripts 1, 2, and r represents PW, CW, and rotor, respectively.
When ω2 is zero, the rotor is rotating at a so-called natural synchronous speed ωN. Rotor speeds above ωN are called super-synchronous speeds, and those below ωN are called subsynchronous speeds. When the rotor speed varies, in order to keep ω1 constant, the value of ω2 should change with the variation of the rotor speed ωr, and the expression of ωr can be deduced from (1) as
III. DESIGN OF ROTOR SPEED OBSERVER FOR STAND-ALONE BDFIGS
A. Rotor Position PLL
The proposed RSO for stand-alone BDFIGs is based on a rotor position PLL (RPPLL). The proposed RPPLL is derived from the αβ-reference-frame PLL [13] , [14] . In the αβ-reference-frame PLL as shown in The philosophy of the αβ-reference-frame PLL is that the error of the estimated phase angle, Δθ, can be controlled to zero by employing a PI controller. The output of the PI controller is the estimated angular frequency ˆ .The nominal 
Equ. (2) angular frequency 0 can be used as a feedforward of the PI controller to improve the dynamic response at startup. The estimated phase angle ˆ can be obtained by integrating the estimated angular frequency.
Integrating both sides of (1), the following relationship can be derived for the rotor position:
where θr is the rotor position, θ1 the PW voltage vector angle, and θ2 the CW current vector angle.
The proposed RPPLL is illustrated in Fig. 3 . The quantities u1α and u1β are obtained by the Clark transformation of the three-phase PW voltage, and i2α and i2β by the same transformation of the three-phase CW current. The sin(θ1+θ2) and cos(θ1+θ2) are derived by means of trigonometric calculation and input to the αβ-reference-frame PLL, as shown in Fig. 3 . The difference between (p1+p2)θr and 1 2 r ( ) p p can be reduced to zero using a PI regulator, and thus locking the rotor speed and position, having known that in the vicinity of the equilibrium point Fig. 4 presents the linearized control model of the RPPLL, whose closed-loop transfer function can be expressed as
Equation (6) is a second-order transfer function, which can be rewritten to the following standard form 
Comparing (6) and (7), the following expression can be obtained
Generally, the damping factor in (7) and (8) is set to be 2 2 in order to take into account both the response speed and overshoot of the control system [17] . According to [17] , when the reference input is a step signal and the steady-state error is 1%, the settling time ts of the second-order system shown in (7) can be expressed as
The tuning formula for the PI parameters of the RPPLL can be derived using (8) 
B. The Proposed Rotor Speed Observer
Generally, the electricity loads of a stand-alone power generation system include both three-phase loads (such as pumps, fans, winders), single-phase loads (such as air conditioners, lighting equipment, communication equipment), and nonlinear loads (such as diode-rectifier, and so on). When the three-phase loads are failed, or the loads of different single-phase power supply lines are not equal, the total load of the stand-alone power generation system becomes unbalanced. The unbalanced load results in an unbalanced PW three-phase current, which produces different voltage drops across the three-phase impedances of the PW, resulting in an unbalanced PW voltage. When the stand-alone power generation system supplies nonlinear loads, the PW voltage will contain significant harmonics. Although the CW is fed by a converter where the voltage is controlled regardless of the distortion of PW voltage, the CW current will have abundant harmonics resulted by the distorted PW voltage due to the indirect coupling via the rotor. The distorted PW voltage and CW current will cause inaccurate rotor speed observation using only the proposed rotor position PLL.
In order to overcome the aforementioned problems, an SOGI-based quadrature-signal generator (SOGI-QSG) is introduced to construct the RSO for stand-alone BDFIGs as shown in Fig. 5 . The structure of the SOGI-QSG is illustrated in Fig. 6 , where ω and k are resonance frequency and damping factor of the SOGI-QSG, respectively [15] . The SOGI-QSG is used to obtain the filtered result (xf) and 90-degree phase shifted version (qxf) from the input quantity at the same time.
As illustrated in Fig. 5 , the quantities u1αf, qu1αf, u1βf and qu1βf act as inputs to the positive-sequence calculator (PSC) which lies on the instantaneous symmetrical components (ISC) method on the stationary frame [16] . Then, the positivesequence αβ components of the PW voltages are sent to the αβ-reference-frame PLL to make the SOGI-QSGs frequencyadaptive. The two other SOGI-QSGs are employed to adaptively filter the αβ components of the CW current, where the resonance frequency is derived from (2) . Finally, the quantities 1 f u , 1 f u , 2 f i and 2 f i are input to the RPPLL to obtain an accurate rotor speed.
IV. EXPERIMENTAL RESULTS

A. Experimental Setup
An experimental setup has been established and it is shown in Fig. 7 and Fig. 8 . The experiments are performed on a prototype BDFIG, whose detailed parameters are listed in Table I . A 37 kW three-phase asynchronous motor as the prime mover is mechanically coupled to the BDFIG and driven by a Siemens MM430 inverter. The voltage and current of PW and CW are measured by LEM LV 100 and LEM LT 208-S7/SP1 sensors, respectively. Just for comparison, the actual rotor speed is measured by an incremental encoder (RHI90 from P+F Co.) with a resolution of 1024 cycles/r. The CW side converter (CSC) supplies the CW with frequency-variable exciting current. The active front end (AFE) rectifier with a LCL filter is connected with the PW to regulate the DC bus voltage and achieve bidirectional power flow of the CW.
To give consideration to both the response speed and the stability of the observation system, the settling time ts and damping factor of the RPPLL is set to be 40 ms and 0.707, respectively. And then, the PI parameters of the RPPLL can be obtained by using (10) : kp_RPPLL = 230, ki_RPPLL = 26458. The damping factor of the SOGI-QSG in the RSO is set as 1.414. The tuning method of the PI parameters of the αβ-referenceframe PLL is similar with that of the RPPLL. In these experiments, the settling time and damping factor of the αβ-reference-frame PLL is set to be 30 ms and 0.707, so the proportional and integral coefficients are set to be 306 and 47036, respectively.
B. Results and Analysis
In this part, three typical experiments have been completed. The controller of the experimental machine still uses the encoder to measure the rotor speed. The RPPLL and RSO are employed to observe the rotor speed, respectively. However, the observed results are not fed back to the controller. These experiments are just to compare the performance of the RPPLL and RSO and validate whether the RSO is capable of estimating the rotor speed with similar accuracy offered from an encoder or not. stand-alone BDFIG. Between 6.9 s and 9.3 s, the rotor speed of BDFIG rises from 680 rpm to 860 rpm, with the rapid change of the CW current frequency as shown in Fig. 9(a) . The proposed RPPLL and RSO start to operate at 0 s. The rotor speed observed by the RPPLL and the measured rotor speed are shown in Fig. 9(c) , and the error between the two rotor speeds is shown in Fig. 9(d) . Fig. 9(e) and Fig. 9(f) illustrate the rotor speed observed by the RSO and the corresponding rotor speed error, respectively. When the stand-alone BDFIG runs without loads, the amplitude of the steady-state oscillation in the rotor speed error of the RPPLL is about 10 rpm as shown in Fig. 9(d) . However, at the same operation condition, the amplitude of the steady-state oscillation in the rotor speed error of the RSO is significantly reduced to 4 rpm as shown in Fig.  9(f) . When the stand-alone BDFIG is connected with the aforementioned inductive load, the steady-state oscillation in the rotor speed error of the RPPLL is similar to that of the RSO. The reason is that the PW voltage harmonics of the stand-alone BDFIG without loads are more than that of the stand-alone BDFIG with loads, and the SOGI in the RSO can adaptively filter the harmonics of the PW voltage. At 4.4 s, the relatively large errors of the rotor speeds observed by the RPPLL and the RSO inevitably come out due to the fluctuations of the PW voltage and CW current caused by the connecting of the inductive load as shown in Fig. 9(b) . However, the satisfactory and similar dynamic performance of the RPPLL and the RSO can be achieved. So, the steady-state performance of the proposed RSO can be improved without reducing the dynamic performance.
Experiment 2: The stand-alone BDFIG is connected with a nonlinear load, diode-rectifier with a 25 Ω resistor at the DC side, at 2.43 s. Between 4.46 s and 17.33 s, the rotor speed of the BDFIG rises from 597 rpm to 928 rpm and then goes down to 694 rpm. As shown in Fig. 10(a) and Fig. 10(b) , the nonlinear load results in significant harmonics in the PW voltage and CW current. The proposed RPPLL and RSO are activated at 0 s. Comparing the experimental results as shown in Fig. 10(c) -Fig. 10(f) , the dynamic response speed of the two observation methods is very similar. At the time of the load being powered, a little error in the speed estimation, about 3.1% of the actual speed, appears and then rapidly converges within 0.28 s as shown in Fig. 10(d) and Fig. 10(f) . In addition, the rotor speed observed by the RPPLL and RSO can quickly track the actual one as shown in Fig. 10(c) and Fig. 10(e) . However, the steady-state performance of two methods is different. As shown in Fig. 10(d) , the amplitude of the steadystate oscillation in the rotor speed error of the RPPLL is about 20 rpm. At the same operation condition, the amplitude of the steady-state oscillation in the rotor speed error of the RSO can be reduced to about 3 rpm as shown in Fig. 10(f) . Hence, the RSO has a better overall performance than the RPPLL when the stand-alone BDFIG supplies nonlinear loads. Experiment 3: At 0.77s, the stand-alone BDFIG is operated to supply an unbalanced three-phase load, each phase of which is 25 Ω, 100 Ω, and 100 Ω, respectively. Between 4 s and 8.2 s, the rotor speed of the BDFIG rises from 620 rpm to 939 rpm. And then, it goes down from 939 rpm to 606 rpm between 10 s and 18.8 s. As it can be seen from Fig. 11(a) and Fig. 11(b) , the unbalanced load causes the PW voltage to be significantly unbalanced, which further distorts the CW current. As shown in Fig. 11(c) and Fig. 11(e) , the RPPLL and RSO have similar dynamic performance. However, the steady-state performance of the proposed RSO is better than that of the RPPLL. As shown in Fig. 11(d) , the amplitude of the steady-state oscillation in the rotor speed error of the RPPLL is about 12 rpm, and it can be significantly reduced to about 3 rpm by the RSO as shown in Fig. 11(f) . Hence, the overall performance of the proposed RSO can be improved under the unbalanced load condition.
The effect of the transient error from the observer on the dynamic performance of the control system needs to be discussed in the future. Besides, the performance of the observer at low speed needs to be paid more attention in the actual application. However, these issues are not the scope of this paper, and will be the future work.
V. CONCLUSIONS
This paper has proposed one new RSO for the stand-alone BDFIG to improve the reliability and reduce the cost and complexity of the control system. The principle of the new RSO has been comprehensively analyzed and validated in experiments with several typical loads, the balanced load, the nonlinear and the unbalanced load. By employing the rotor position PLL and SOGI, the proposed RSO demonstrates excellent dynamic performance and very strong robustness capability independent on the parameter. More experimental verification using the proposed RSO of BDFIG will be executed in the BDFIG ship shaft power generation system.
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